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Nitride devices T E C H N I C A L F E A T U R E
Improvements in III-nitride technology contin-
ue apace in both opto- and microelectronic
device performance as well as in lifetimes and
stability, with 2005 being no exception. Similar
improvements are occurring in parallel in their
related fields of application, while the work of
Shuji Nakamura and colleagues at UCSB on
non-polar and semi-polar GaN facets merits
separate coverage and could allow LEDs to
leap ahead in efficiency into new markets. 
Dr Alan Mills 
Expanding horizons for
nitride devices & materials
At the end of 2005, Cree reported an optical 
output of 100 lumens per Watt for a small white-
LED chip.This is noteworthy because, for the first
time, the optical output for these LEDs has
achieved about 50% of the theoretical maximum.
This rate of progress is ahead of most light-output
roadmaps and was attained in a shorter time than
for red, orange and green coloured LEDs. It is also
indicative of the huge worldwide effort in place
to develop economic replacements for most
white light sources, which now may be a few
years closer, because of this output milestone and
because of contributions from improved output
stability and longer lifetimes. Even with little pene-
tration of the general lighting market, high-bright-
ness LED sales for 2005 will be $4-5bn, with
15–20% growth anticipated for 2006.The market
is expected to be $7-8bn by 2008, then up to
$11bn by 2010 — mainly a result of the complete
superiority of LEDs for most coloured lighting
requirements and the success of white LED back-
lighting for mobile devices. However, if either
Cree’s high lumen values or UCSB’s non-polar
growth technology can be turned into marketable
products within a couple of years, this 2010 sales
value could be surpassed, while the number of
growth markets continues to increase.
Optoelectronics
In optoelectronics, III-nitride lasers are penetrating
many (and creating new) markets to support an
ever-growing range of consumer products.The
advent of the Blue-Ray® and competing solid-state
blue laser technologies is a good example, since
they provide the consumer with the basis for the
very high-density optical storage DVDs that are
now available (10–30 GB capacity discs,with 50 GB
and higher to come). Most of these lasers are made
by MOCVD processes on various low-defect-level
substrates. However, research into MBE-grown GaN
lasers continues at Sharp Laboratories Europe in
Oxford, where Heffernan et al had previously
reported the first MBE-grown lasers with threshold
current densities of 30 kA/cm² and voltages of 34 V.
Such values were typical for early GaN lasers
grown by MOCVD processes.Their recent work
includes MBE laser diode growth on low-defect-
level free-standing (FS) GaN wafers from both
Lumilog and Sumitomo Chemical Industries. On
these substrates, the threshold currents have been
reduced to about 120 mA, with voltages in the
7–10 V range, reducing the threshold power 
densities to 4.8 kA/cm2 — comparable to MOCVD-
grown laser diodes.Although not competitive with
MOCVD lasers at this time, they have passed an
early milestone, with MBE-grown GaN laser 
lifetimes in excess of 3 minutes.
The potential high performance and efficiency of
micro-LEDs, particularly in arrays, has been report-
ed previously by academic laboratories such as
the universities of Strathclyde, Hong Kong and
Kansas State. Now, Choi et al from the University
of Hong Kong have expanded this performance
window with the development of hexagonally
packed blue LED micro-arrays (a hexLED) with
sides of 25 µm and 5 µm spacings that can easily
be defined by photolithography.The hexLED’s
tight packing provides a fill factor in excess of
80%, compared to about 60% for previous packing
arrangements. For 470 nm blue hexLED arrays at
20 mA drive currents, the optical power output
versus current is more than double that of broad-
area LEDs, although the superiority does decline
gradually to about 30% higher power as the input
current increases to 100 mA (see Figure 1).Where
these micro-arrays can be used, they provide the
potential for improved power efficiencies, better
heat management and light output, and very effi-
cient addressable micro-displays.
For the first time,
the optical 
output for these
[white] LEDs has
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theoretical 
maximum
Also competing in the
small LED category are the
InGaN/GaN LED multiple
quantum disks (MQDs)
grown on nanorods at
Sophia University in
Tokyo.The nanorods,
grown by Kikuchi et al,
support LEDs with a wide
range of visible emission
wavelengths, and for the
first time they have
observed multiple colour
emission from a nanocol-
umn LED (see Figure 2)
for typical emission spectra.These nanorods are
self-organised single crystals, 20–200 nm in diam-
eter with a density of ~1010 cm–2 and grown by
RF-plasma-assisted MBE on n-type (111) silicon.
These are potential candidates for the manufac-
turing of high-performance LEDs, because of the
very high current injection efficiencies aided by
the low dislocation densities in the rods.The LED
structure has a growth sequence of 500 nm of n-
doped GaN (the column), followed by undoped
GaN[10 nm], between two and eight pairs of
InGaN[2 nm]/GaN[3 nm] wells for the multi-
quantum wells (MQWs), then undoped GaN[10
nm] and magnesium-doped GaN[500 nm].
Finally, 500 µm-diameter Ni/Au transparent elec-
trodes were deposited on the as-grown surface.
By changing the growth conditions of the active
layers, a range of emissions, from violet to red,
can be obtained.A photo image of a 500 nm-
diameter MQD LED array is shown in Figure 3,
from which it can be seen that the colours from
each disk are quite uniform for first-generation
devices.
Shorter-wavelength solid-state UV LEDs and lasers
using AlN, GaN and BN materials are in demand
for a wide range of applications, such as chemical
sensing, phosphor excitation, and water and air
purification, as well as a great potential for biosen-
sors (many with important security implications).
Labs around the world are working towards this
goal.AlN (with a bandgap of 5.7 eV) would have
the shortest-wavelength potential for a UV emitter.
However, due to difficulties in processing AlN,
only values for AlGaN LEDs and lasers have been
demonstrated. Here, the shortest room-tempera-
ture UV wavelength possible is expected to be
~210 nm.To date, the shortest achieved for AlGaN
have been reported by Kawanishi et al: 250 nm
for LEDs and 350 nm for lasing by current injec-
tion and 241.5 nm for lasing by optical pumping.
These devices are MOCVD grown on silicon car-
bide using AlN/GaN multi-layer buffers and con-
form to the diagram in Figure 4. In their latest
work, Kawanishi and colleagues have moved closer
to their 210 nm UV goal by modifying the MOCVD
epitaxial process to an ‘alternate source feeding
epitaxy' (ASFE) process, which is similar to atomic-
layer or pulsed-precursor processes.ASFE enables
them to reduce threading dislocation defect levels
in their AlGaN MQW layer structure to 6x108
cm–2.With the new process, in which they postu-
late reduced precursor pre-reaction, both a 50%
lower optical pumping threshold and a first-time
value of 228.9 nm for lasing at 24K were achieved
(Figure 5).The lasing frequency appears to be
quite stable, with the temperature coefficient of
lasing for the 229 nm laser determined to be
0.0025 nm/K over the 20–140K range.
The shortest
room-temperature 
UV wavelength 
possible 
[for AlGaN] is 
expected to be
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Figure 1. Optical power 
performance of hexLED.
(Courtesy of H. W. Choi,
University of Hong Kong, and
S.J. Chua, National University
of Singapore.) 
Figure 3. Microscope images of InGaN MQD nanocolumn
LEDs emitting at room temperature. The emission colours
in each electrode are almost uniform. The diameter of
electrodes is about 500 µm. (Courtesy of Akihiko Kikuchi
et al Sophia University, Japan.) 
Figure 2. Electroluminescence spectra of InGaN MQD
nanocolumn LEDs at room temperature. (Courtesy of
Akihiko Kikuchi et al, Sophia University, Japan.) 
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Also working on higher-output-power and higher-
efficiency UV LEDs and lasers are Kneissl et al of
Palo Alto Research Center Inc, in conjunction with
Crystal IS Inc, a producer of bulk AlN substrates.
Quaternary MQW LEDs were MOCVD grown
using transparent AlGaN base layers on sapphire
substrates for backside light extraction (Figure 6).
Continuous wave (cw) LEDs have been fabricated,
emitting at 325–330 nm with output powers up
to 6 mW and external efficiencies up to 1.6% for
high dislocation densities (109 cm-2).With AlGaN-
on-sapphire substrates grown by TDI Inc in
Maryland, USA, 55 mW LEDs emitting at 330 nm
have been reported. Growth on low-dislocation
AlN substrates offers better lattice matching for
the AlGaN compounds and better heat dissipation
for devices. By using near c-plane AlN substrates,
they have grown the first gain-guided, current-
injected UV laser emitting
in at 369–372 nm, with
threshold densities of 11
kA/cm2 and maximum
light output powers of 65
mW per facet. Using opti-
cal pumping, strongly
polarized lasing emission
could be obtained at the
shortened wavelength of
308 nm (see Figure 7).
Although the growth of
GaN on (100) silicon was
attempted by MBE and
MOCVD processes several
years ago, the results were not encouraging for
integration with MOS silicon ICs.Thus, most of the
recent work and published device results have
been for GaN growth on (111) silicon substrates,
with the first commercial chips now available.
However, Schulze et al recently reported encour-
aging results from GaN LEDs grown by MOCVD
on (100) silicon after the insertion of multiple AlN
interlayers in the buffer structure (see Figure 8).
The critical steps for this (100) process start with
the selection of a 4° off-axis (towards [110]) Si
wafer which was then etched to provide an oxide-
free surface for MOCVD growth in an Aixtron AIX
200/4 reactor.The transition for the growth of the
active layers includes a ~20 nm AlN seed layer at
about 1165ºC,anAlGaN layer at 1100°C,and a 2 µm
Si-doped GaN layer at 1100°C interspaced with
five AlN interlayers.The active layers (a five-period
InGaN/GaN MQW) were then deposited at 780ºC
in nitrogen followed by a 15 nm AlGaN:Mg barrier
and a 100 nm p-doped GaN cap (Figure 8).
Although some curvature
of the wafer is incurred,
crack-free device layers
were obtained that could
lead to future integration
with CMOS technology, or
more than 100,000 LEDs
per 150 mm wafer. Figure
9 shows AZZURRO AG’s
blue-emitting, on-wafer
LED. For 4.2 µm-thick
crack-free LED structures
on a similar 150 mm 
Si (111) wafer, a measure-
ment of 300 arcsec is
achieved in the (0002) ω-
scan, comparable to GaN
layers on sapphire.
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Figure 4. Schematic structure of deep-UV AlGaN MQW
laser lasing around 229 nm. All layers were grown by the
improved alternate source feeding epitaxy. (Courtesy of H.
Kawanishi et al, Kohgakuin University, Tokyo, Japan.) 
Figure 5. Lasing spectrum at
20K under optical pumping.
Lasing wavelength was 228.9
nm. (Courtesy of H.
Kawanishi et al, Kohgakuin
University, Tokyo, Japan.) 
Figure 6. Pulsed light output vs current (L-I) characteristic of
a UV laser grown on bulk AlN substrate. The inset shows
the high-resolution laser emission spectrum measured under
pulsed current-injection conditions. (Courtesy of Michael
Kneissl et al, Palo Alto Research Center Inc., USA) 
Figure 7. Room-temperature emission spectra of optically
pumped InAlGaN MQW laser heterostructures grown on
bulk AlN substrates. (Courtesy of Michael Kneissl et al,
Palo Alto Research Center Inc., USA) 
With the indium content
estimated to be about
17.4% for the 3 nm-thick
well, blue photolumines-
cence was obtained at 455
nm; with 18.1% indium
content and a 3.2 nm-thick
well, electrically stimulated
blue emission was
obtained, with on-wafer
optical output in the range
of hundreds of milliwatts
— a non-optimised value
that could meet some LED requirements and
which is acceptable for first-run device growth
(see Figure 10 for the light output versus energy
graph;vide infra for FETs also grown on (100) Si).
Materials
III-nitride device development is one of the elec-
tronic fields where most of the work is performed
on heteroepitaxial substrates. Consequently, new
processes and devices are being reported for het-
eroepitaxy on silicon, silicon carbide, sapphire and
other materials, with intense interest in GaN-on-sil-
icon, possibly spurred on by the first commercial
offering of GaN-on-silicon amplifiers by Nitronex.
The year 2005 was no exception for GaN-on-sili-
con, with new results reported for growth on
(100) silicon and crack-free growth on 150 mm
(111) silicon substrates by Dadgar et al, as well as
the latest results from Picogiga International,
reporting a high-frequency HEMT on silicon with
a power density of 5.1 W/mm at 18 GHz.
Perhaps GaN on (100) silicon dominated the
news on materials in 2005, with reports from
more than one location and its perceived com-
patibility with high-volume silicon processing.
Growth of the first GaN FETs on (100) silicon
has been reported by both the CRHEA-CNRS’
Valbonne Group in Sophia Antipolis, France (via
MBE) and Magdeburg University in Germany (via
MOCVD).The potential advantage is that 
(100) silicon is compatible with today’s CMOS
processes, which would make the future integra-
tion of devices integrating the two materials
much easier.Additionally, the new GaN-on-silicon
venture AZZURRO Semiconductor AG was incor-
porated in Germany. Its new Thomas Swan (TS)
reactor, located at Magdeburg University, will be
used for its initial R&D programme. Its Aixtron
AIX 200/4 process has already been transferred
successfully for 50–150 mm substrates to the TS
showerhead reactor.
In the work at Valbonne, Joblot et al, in coopera-
tion with STMicroelectronics, have reported the
fabrication of high-electron-mobility AlGaN/GaN
HEMTs on (001) resistive Si (above 5000 Ω-cm) by
MBE growth using ammonia as the nitrogen pre-
cursor.With a stable process for GaN on (111) Si
already established, the key to their success (and a
way around the high group III and group V activity
on the silicon surface) appears to be the use of a
5º misorientation of the (001) silicon substrate
towards the [110] direction, a technique that elimi-
nates the growth of a two-domain GaN surface.
Additional benefits appear to be that the inter-layer
stresses are not exclusive to the hetero-layer ther-
mal expansion mismatch and that thicker layers of
GaN-on-silicon can now be grown, enabling crack-
free AlGaN/GaN heterostructures to be fabricated
with the two-dimensional electron gases (2DEGs)
having mobilities of 730 cm2/Vs at room tempera-
ture.Their latest HEMT structure (see the diagram
in Figure 11), starts with their patented AlN/GaN
interface stack on the silicon wafer to alleviate
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Growth of the
first GaN FETs on
(100) silicon has
been reported by
both the
Valbonne Group
and Magdeburg
University 
Figure 8. Schematic structure
of the InGaN/GaN-based LED
on Si(001) substrate (Courtesy
of Alois Krost, Otto-von-
Guericke-Universität
Magdeburg, Germany.) 
Figure 9. GaN LED structure on 150 mm silicon substrate,
showing blue electroluminescence. (Courtesy Armin
Dadgar, AZZURRO Semiconductors.) 
Figure 10. Electrically stimulated luminescence of a GaN-
based LED structure on Si(001). (Courtesy of Alois Krost,
Otto-von-Guericke-Universität Magdeburg, Germany.) 
thermal stresses, followed by an 800 nm GaN
buffer, a 25 nm AlGaN barrier, and a 1 nm GaN 
capping layer.The 800 nm buffer is the latest
increase in buffer thickness that can still be grown
crack free.A mobility of 1500 cm2/Vs was
achieved with carrier densities at 7.1x1012 cm–3
and a sheet resistance of 580 Ω/square.
After adding metal and Schottky contacts, 3 µm
gate (100 µm-wide) AlGaN/GaN HEMTs were 
fabricated with a drain–source spacing of 5 µm.
With +1 V on the gate and a Vds of +5 V, the max-
imum drain current density was 440 mA/mm and
maximum transconductance was 120 mS/mm.
With non-optimised drain–source spacing of 1 µm,
the device had a drain leakage of 1 mA/mm for a
bias of 20–50 V. A drain bias of 100 V was need-
ed to create the same leakage for a 3 x 150 µm
gate and 10 µm source–drain spacing. In Table 1,
device results are compared with similar devices
fabricated on sapphire, SiC and (111) Si.
Aluminium nitride
Also very active in 2005 was the development of
AlN substrates via several processes, either sup-
ported or free-standing.
This development is
important because of
AlN’s close lattice match
to AlGaN, because of its
very high thermal con-
ductivity (>3 W/cm/K at
room temperature), its
dielectric properties, and
its transparency to UV
and visible light. Soukhoveev et al of TDI Inc,
reported the growth of AlN substrates by hydride
vapour phase epitaxy (HVPE) on 2-inch and 3-
inch SiC and sapphire substrates.The AlN was
grown at 900–1200ºC using HCl/Al for the Al
source and ammonia for the nitrogen source in
home-built multi-wafer reactors.The AlN thick-
ness ranges were 5–75 µm for the 6H-SiC wafers
(0001 silicon surface) and 1–20 µm on sapphire.
In the case of AlN growth on SiC, small SiC voids
were overgrown by the AlN during deposition,
with a uniform Al content across the wafer.
The deviation in AlN thickness across the wafers
was ~5%.As-grown AlN layers were crack-free
and AlN/SiC wafer bow could be kept <50 µm.
These AlN surfaces had pyramidal structures
with root mean square (rms) roughness of up to
70 nm, but they are polished away to obtain epi-
ready surfaces with an rms of less than 0.5 nm.
Typical etch pit densities for 2-inch diameter
(20–30 µm-thick layers) were in the range 5x107
cm–2 to 3x108 cm–2, with an average value of
about 2x108 cm–2 and local areas as low as
2x107 cm–2.These values are about an order of
magnitude less than the values for GaN devices
grown on SiC or sapphire wafers.The resistivities
of the AlN layers were 1011 Ω-cm at room tem-
perature and 106 Ω-cm at 600 K. Free-standing
AlN wafers are obtained by removing the SiC
templates with a reactive ion etch (see Figure 12).
In conjunction with the Ioffe Institute, crack-free
AlGaN layers, up to 2 µm thick, have also been
grown by HVPE on SiC and sapphire substrates,
with uniform Al fractional composition over the
entire growth range.The AlN-on-sapphire wafers
recorded just over 70% transmission at 265 nm,
for a ~75% Al fractional content.The layers were n-
type up to 40% Al content and insulating above
50%, with mobilities in the 165 cm2/Vs range.
Also, the same group reported the first growth of
40 µm of crack-free AlGaN on 2-inch SiC wafers.
Using its own ‘stress control’ HVPE process,TDI
now offers pilot production of AlN on 3-inch SiC
wafers. Using the lower-cost, conducting-SiC wafer
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Figure 11. AlGaN/GaN HEMT heterostructure grown on
(001) silicon substrate by MBE. (Courtesy of Sylvain Joblot,
CRHEA-CNRS, France.) 
TDI now offers
pilot production
of AlN on 3-inch
SiC wafers 
Table 1. Comparison of material and transport properties of state-of-the-art HEMT structures on typical substrates
obtained at the Valbonne Group's laboratory
Al2O3 6H-SIC 6H-SiC Si(111) Si(001)* 
(MOCVD) (MBE) (MOCVD) (MBE) (MBE)
Threading dislocation density (cm-2) ~ 2-5x108 ~3x109 ~5x108 ~5–6x109 8x109–1010
Sheet carrier density (cm-2) ~ 8x1012 ~8x1012 ~ 8.2x1012 ~8x1012 7.1x1012
Hall mobility (cm2/V.s) 2000–2200 1800 2050 1700 1500 
* New results obtained since ICNS-6 (6th International Conference on Nitride Semiconductors in Bremen, Germany),
28 August – 2 September 2005, and in press in Electronics Letters. 
as the starting substrate,
wafer bowing as low as 10
µm over 3-inches was
reported.Table 2 summaris-
es TDI’s technology.This
may also be typical of the
current industry status.
Crystal IS Inc. in Green
Island, NY, USA manufac-
tures AlN wafers using a
sublimation-recondensa-
tion process.These are
commercially available in
25 mm diameters (soon to be followed by 50
mm sizes). Some device results are covered else-
where in this article. Schowalter et al have
shown that dislocation densities as low as 1000
cm–2 can be achieved for high-resistivity sub-
strates (>1012 Ω-cm at room temperature).
Because of aluminium’s affinity for oxygen, it is
one of the main impurities in AlN. However,
Crystal IS now achieves oxygen concentrations
at or below 1018 cm–3. Using typical Crystal IS
substrates, their cooperating partners have
reported the growth of high-performance UV
LEDs emitting at 250-340 nm. Modelling per-
formed elsewhere indicates that AlN could
replace SiC as the substrate of choice for high-
power, high-frequency RF devices and lasers.
Published mobilities for AlN have tended to be
low, a property ascribed to high levels of defects
causing reduced device performance from high
dislocation scatter-
ing. However,
Taniyasu et al of NTT
Corp in Atsugi
achieved a record
room-temperature
mobility for n-type
AlN from the low-
pressure MOCVD
growth of silicon-
doped n-type AlN
using TMAH and NH3
precursors.After the 
deposition of an
undoped AlN buffer
layer, 800 nm of 
Si-doped AlN was
grown on either 
bulk AlN or 4H-SiC
substrates. Mobility
values were shown
to vary with the 
dislocation densities (from TEM and X-ray analysis),
estimated to be less than 106 cm–2. For the lowest-
defect-level material, a record mobility value of 426
cm2/Vs at room temperature was obtained using
Hall effect data, at an electron concentration of
7.3x1014 cm–3 (see Figure 13), for plots of mobility
versus dislocation density.This mobility increased
to 641 cm2/Vs when measured at 230K. Calculated
results agree quite well with experiment and, for
AlN grown on bulk AlN (with >1000 times lower
dislocation levels), dislocation scattering becomes
less of an effect and polar optical phonon scatter-
ing becomes dominant.
It is becoming apparent that, as more examples
of device growth on lower-defect-density AlN
substrates are published and as larger, higher-
quality AlN wafers become available,AlN may
overtake SiC as the substrate of choice for the
growth of many III-nitride power devices — lat-
tice matching, bandgap, equivalent conductivity
and transparency being some of the benefits.
The use of III-nitrides in vacuum electronics is not
a widely reported topic. However, Lebedev et al of
the Technical University of Ilmenau in Germany
has been studying the properties of silicon-doped,
crystalline AlN coatings for field emission arrays
(FEAs), with tip densities as high as one tip per
µm2 having been prepared. In their recent work,
20–40 nm 2H-AlN coatings were deposited by
MBE on n-doped 2-inch silicon wafer surfaces
after reactive ion etching of the surface to create
‘black silicon’ electrode layers.With this Si-doped
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AlN could
replace SiC as
the substrate of
choice for 
high-power,
high-frequency
RF devices and
lasers
Figure 12. A 2" free-standing
AlN wafer. (Courtesy TDI Inc.) 
Table 2. Status of AlN technology. 
AlN deposition, free-electron densities in the range
5x1016 cm–3 could be obtained at room tempera-
ture.The tip and sidewall coatings of the underly-
ing silicon electrodes were also shown to be
nanocrystalline and multi-domain AlN structures,
where each single-crystal domain could act as an
individual electron emitter.AlN-coated silicon tips
are showing promise as negative electron affinity
(NEA) electrodes for vacuum emission. It has not
been established yet whether the NEA is an 
intrinsic property or whether it is an easily pre-
pared property.With an ionization potential of less
than 0.5 eV after ion bombardment, this III-nitride
material continues to show promise for useful 
lifetime FEA use in vacuum displays and other
electrode applications.
AlInN Bragg reflectors
Judging by the research activity (and their opti-
cal importance), 2005 was a good year for dis-
tributed Bragg reflector (DBR) reflector technol-
ogy, with several novel processes being reported.
Hums et al of the University of Magdeburg, in
cooperation with AZZURO Semiconductors,
demonstrated the potential for thick GaN-based
Bragg reflectors for vertical-cavity surface-emit-
ting lasers (VCSELs). In this work,AlInN/GaN
Bragg reflectors were grown by MOCVD and lat-
tice matched using In concentrations of about
18%. Crack-free mirrors were obtained, although
some curvature problems were encountered due
to strain induced during the temperature 
ramping between the lows for the In-layer growth
and the highs of the GaN layer growth.The first
VCSEL Bragg reflector was a 40x upper and a 30x
lower layer structure with about 99% reflectivity.
Later, similar reflectivities were obtained from 30x
and 25x layers.When optimized,VCSEL structures
were obtained with increased luminescence inten-
sities at about a wavelength of 410 nm, even
though In segregation occurred throughout the
AlInN layers. It has now been determined that
reflectivity was not a factor of the In concentra-
tion. However, In segregation must still be consid-
ered for composition control when growing dif-
ferent layer thicknesses.
Selective oxidations are widely used for GaAs
devices, and a similar process has now been
demonstrated by Dorsaz et al of the Ecole
Polytechnique Fédérale de Lausanne (EPFL) in
Switzerland for III-nitride laser mirrors. In this 
process,AlInN layers are inserted into the device
structure, exposed by mesa etching, and then oxi-
dized by an anodic acid etch.A lateral oxidation is
obtained in which the depth is easily controlled.
Useful device active layers for a wide range of
devices, such as high-contrast Bragg mirrors, wave-
guides, and resistive buffer layers can be fabricat-
ed using this process. Lattice-matched AlInN layers
(83% Al) have been laterally oxidised for distances
up to several tenths of a micron for device appli-
cations such as current apertures greater than 10
µm in diameter for current confinement in GaN
LEDs and VCSELs.Additionally, EPFL is involved in
polariton research, where Christmann et al have
reported the room-temperature photolumines-
cence signature for strong coupling from a QW-
based bulk AlInN/AlGaN microcavity.This may be
a very important factor for the future develop-
ment of ‘polariton lasers’.
Sharma et al of UCSB have reported the first 
successful fabrication of a three-period air-gap
Bragg reflector.The base structure is a three-peri-
od 120 nm/100 nm AlGaN[92% Ga]/InGaN super-
lattice, where each InGaN layer is a 2.5-period 
20 nm InGaN[4% In] and 20 nm InGaN[70% In]
superlattice grown by MOCVD on a 3 µm GaN
template on a sapphire wafer. Using this process,
a GaN-based, three-period DBR air gap is formed
using a photo-electrochemical (PEC) process
with above-the-bandgap radiation to generate the
excess of holes needed to etch GaN or an alloy.
8 µm mesas are first formed using a chlorine RIE
etch to expose the sacrificial InGaN layer, then
using a GaN filter with the PEC etch to remove
the lower-bandgap InGaN, leaving the AlGaN as
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Figure 13. Mobilities, µ, versus donor concentrations, ND,
for different dislocation densities, NDIS, at 300 K.
Experimental results for four sets with NDIS of <106 cm-2,
2×109 cm-2, 3×109 cm-2, 1010 cm-2 and calculated results
are shown. The broken lines show the calculated mobilities
for NDIS from 108 to 1011 cm–2. The solid line shows the
calculated mobility for NDIS = 0. The data clearly show that
the mobility for n-type AlN on SiC (NDIS > 2×109 cm–2) is
limited by dislocation scattering and that the mobility for 
n-type AlN on AlN (NDIS < 1×106 cm-2) is no longer limited
by dislocation scattering. (Courtesy of Yoshitaka Taniyasu 
et al, NTT Basic Research Laboratories.)
Sharma et al of
UCSB have
reported the 
first successful
fabrication of a
three-period 
air-gap Bragg
reflector
an air-gap structure (Figure14). Significantly
enhanced reflectances — four-fold at 400 nm
and 25-fold at 565 nm — were observed from
the air-gap structure compared with an adjacent
dry-etched GaN surface.Thus, GaN DBRs with
higher index contrasts and higher index per lat-
tice periods are now available for device use.
The lows and highs of the materials picture would
be a fitting end to this section.This can be fulfilled
by the correct assignment of a low bandgap to
indium nitride (InN) and a high in the form of a
record GaN mobility.A section of the industry has
been convinced for some time that the bandgap
of InN was below 1 eV. However, after years of
wavering around the 2 eV value (caused by oxy-
gen impurities), it appears that enough agreement
was found in 2005 to change InN to a narrow-
bandgap material, with a bandgap of 0.7–1.0 eV.
This value may allow the future assembly of indi-
um-containing LEDs emitting at the red end of the
visible spectrum (materials technology allowing).
Also, last but not least, Schmult et al of Bell
Laboratories, in cooperation with Stanford
University and MIT Lincoln, may have defined a
benefit for high-performance device design by
reporting a record mobility for a nitride 
semiconductor from an AlGaN/GaN 2DEG of
167,000 cm2/Vs, albeit at 4.2 K.
Electronics and devices
The potential electronic applications for III-nitride
devices are wide ranging, from high-temperature
to high-power amplifiers and ICs and from very
high-frequency chips to vacuum field effect and
biological sensors, often with breakdown voltages
in excess of 300 V. Research continues worldwide
at an increasing pace. The last quarter of 2005 was
noteworthy for electronic GaN devices, with the
announcement of the first commercially available
AlGaN/GaN power amplifiers grown on silicon
substrates by Nitronex.These low-noise chips,
complete with reliability data, should be the
answer to the base-station design engineer’s
prayers (and likewise for satellites?) to reduce the
heat output and failure rates of Si-based LDMOS
amplifiers by offering 48 V operation, a one-chip
solution to five or more bandwidths, and the abili-
ty to turn off the heavy air-conditioning require-
ments and costs for LDMOS base-stations.Will the
military again be the first customer for these new
high-performance AlGaN chips? Unfortunately, the
current single supplier-of-technology situation
may slow the rate of commercial acceptance, and
competition is fierce.The LDMOS performance is
constantly being improved and other nitride man-
ufacturers are poised to offer their own power
amplifier candidates on or off silicon substrates.
An example of this is Kikkawa et al of Fujitsu,
who are using conductive (n-doped) 3-inch AlN-
on-SiC wafers from TDI to fabricate high-power
AlGaN/GaN HEMTs for base-station uses (Fujitsu
tested a 101 W chip in 2004).The use of semicon-
ducting n-type SiC support wafers allows price
savings of 30–50% and they plan to use them for
3.5G telecoms in Japan for 14 MB/s service in
2006 and 1 GB/s in 2012. Using AlN, the average
PAEs are ~68%, with maximum power densities of
7 W/mm at 60 V bias.
In a paper by the award-winning student T.
Palacios of UCSB, he and his coworkers reported
the improved performance of high-frequency
AlGaN/GaN HEMTs.A range of problems has
been attributed to the poor reported perform-
ances of these high-frequency circuits, but the
optimisation developed by this group has led
them to record performances in the Ka-band.The
key elements for the optimisation begin with the
growth of a 20 Å-thick InGaN layer (90% Ga)
back barrier below the 110 Å GaN channel,
increasing the confinement of the 2DEG.The
polarisation-induced electric field in the InGaN
layer raises the conduction band at the GaN
buffer with respect to the GaN channel, to allow
the formation of a double-heterojunction HEMT.
At gate lengths of 100 nm, the increased confine-
ment provides a three-fold reduction in output
conductance and an excellent pinch-off at drain
voltages as high as 50 V. To improve the mush-
room gate passivation, silicon nitride is deposited
before electron-beam lithography to define the
gate footprint, followed by two-step removal to
delineate the foot of the gate and a second
lithography step to define the top of the gate,
now sitting on top of the lower passivation layer.
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Figure 14. SEM image of a fully undercut three-period 
air-gap DBR structure. (Courtesy of Rajat Sharma et al.,
University of California Santa Barbara.) 
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Reproducible sub-100 nm gate lengths can be
obtained, but the cut-off frequencies for the 
initial HEMTs were limited to 75 GHz. Device
analysis indicated that this performance restric-
tion was caused by a parasitic capacitance creat-
ed by the passivation layer and that, by removing
the latter with hydrofluoric acid, the cut-off was
raised to 128 GHz and fmax to 170 GHz.
Using optimized process techniques, HEMTs were
fabricated with a noise figure of 0.35 dB at 10 GHz,
good pinch-off at drain voltages as high as 50 V, and
breakdown voltages >60 V. Record results, includ-
ing output powers of up to 7.1 W/mm at 40 GHz
(Figure 15), were obtained from a 150 nm gate
length circuit with a 30 V bias, indicating the high
potential of the AlGaN/GaN based HEMTs for
power applications at Ka frequencies and higher.
Figure 16 compares other Ka-band device outputs.
The road to GaN-based high-power RF HFETs has
been difficult due to the problems associated
with ‘current collapse’. In 2003,Ando et al
improved this by using field-plate technology,
reducing collapse at power densities of 10 
W/mm. Other AlGaN HFETs have been operated
for up to 200 hr, but only at 4.5 W/mm and rela-
tively low drain–source voltages (25 V). Recently
though, Cree announced a field-plate HEMT
device that produced over 8 W/mm,a power
record at 40 GHz.
Researchers at the University of South Carolina,
who previously proposed MOS HFETs, where
the gate oxide was expected to reduce leakage
levels by several orders of magnitude, have also
reported record power densities by combining
MOSHFET and field-plate processes.Their
MOCVD-grown AlGaN/GaN MOSHFETs were
fabricated with gate lengths of 0.3–1.1 µm.
Based on device characterization,Adivarahan et
al have determined that the primary current
collapse removal mechanism is a trapped
charge neutralisation through a ‘leaky’ dielec-
tric under the field-plate electrode, not a reduc-
tion in the peak field value.
Their record values, shown in Figure 17, are for a
device with a 1.1 µm gate length and 200 µm
gate width.This provided stable 2 GHz RF opera-
tion in excess of 100 hours, with cw-power den-
sities as high as 20 W/mm at a Vds of 55 V, repre-
senting the first reported example of long-term,
high-power stability in a field-plate GaN MOSH-
FET circuit.A low forward gate current was key
to achieving long-term stability at these current
densities, making this circuit design an ideal 
candidate for high-power FETs.
As more device characteristics and design needs
are determined, III-nitride device technology gets
closer to fulfilling its promise: high efficiencies,
high frequencies, high temperatures, high power,
and (for LEDs and lasers) high brightness.
* The author wishes to thank Professor Alois Krost
of the Otto-von-Guericke-Universität, Magdeburg,
Germany for valuable discussions.
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Figure 15. A record output power of 7.1 W/mm has been
measured at 40 GHz. (Courtesy of T. Palacios et al,
University of California Santa Barbara.) 
Figure 16. Output power at Ka band for different devices
reported in the literature. (Courtesy of T. Palacios et al,
University of California Santa Barbara.) 
Figure 17. RF power–drain bias dependences for devices
capped with different dielectrics. (Courtesy of 
V. Adivarahan et al, University of South Carolina). 
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